In space applications, it is conceivable that part of the robotic activities could involve the grasp and/or manipulation of free-floating objects in abscnce of gravity. In this case, synchronous application of contacts seems to represent a basic feature in order to efficiently grasp the floating items. In this sense, an additional difficulty is that objects may have irregular shape and/or be non well positioned in the gripper workspace. These difficulties cannot be handled in a simple way with standard 2-jaw grippers, with one (or two) degrees of freedom. In this paper,. an activity for designing and experimenling a gripper for this type of operations is reported, and the first laboratory results are presented and discussed. Main features of the gripper are its kinematic configuration ( 3 fingers with 3 dof) and its sensorial equipment, features that improve the dexterity of this device if compared to more classical devices.
which it is not convenient (or even non possible) to employ human operators (the astronauts) for routine, boring or dangerous activities, that can be more profitably (and safely) accomplished by robotic systems. In the robotic manipulation field, current intravehicular (IV) [a] or extravehicular (EV) [3, 41 activities have been developed almost exclusively on properly constrained technical objects. Although important exceptions exist, e.g. the manipulation of large objects by means of the Canadian arm on the space shuttles or the manipulation of rocks during missions on planet surfaces, all the known applications of robotic ma,nipulation in space concern well structured objects, of suitable form and fixed to some support. The more general problem of manipulating irregularly shaped, free-floating objects has not been explicitly addressed yet. On the other hand, the scenario in which non-constrained objects can float within restricted regions and then caught and manipulated by a robotic device is realistic, especially in the perspective of experiments where non-technical items, e.g. natural products, may be involved.
Introduction
In rccent years, in both the research and industrial environments, there is a renewed and growing interest for the planned activities in space, deriving from very important achievements such as the construction of the ISS, with all the implications of this realization, the exploration of planets or asteroids, the increasing need for satellites, and so on, see e.g. [l] for a rather updated list on activities in space. These activities will obviously require the presence and the work of astronauts but, on the other hand, will also require a rclcvant use of automation techniques and autonomous devices. As a matter of fact, as already demonstrated in other fields, there are tasks in In this paper, a three-fingered, three dof gripper particularly suited for no-gravity manipula-0-7803-6475-9/01/$10.000 2001 IEEE tion tasks is briefly described, see [5]-[8] for a more detailed presentation, and the first experimental results concerning the grasp of floating objects are reported and discussed.
The Gripper
One of the main goals of the activity reported in this paper concernes the development of a gripper for space applications, for which the possibility of interacting with free-flozting, irregular objects can be realistically considered a future need.
Different kinematic and mechanical configurations have been initially evaluated and compared, trying to find an optimal solution suitable for the main tasks of the device. In particular, the facts of having more contacts than those present in a simple two-jaw gripper, the possibility of moving independently the fingers, and the overall simplicity of the device have constituted the main guidelines of the design and realization process.
Moreover, the design of the gripper has been inspired by specifications deriving from a possible application within PaT, the Payload Tutor, proposed by AS1 (Italian Space Agency) [lo] . This system aims to substitute i,he astronauts in periodical operations with a serni-autonomous robotic device. The solution proposed by AS1 integrates a small robot arm within a fixed structure, where a set of drawers can host and protect as many different experiments: the mobility of the robot arm is increased by placing it on slide joints, in order to cover all the front surface of the facility even with reduced size of the robot limbs. The experiments to be performed inside each drawer may include manipulation of complex-shape "nontechnical" objects, freely floating within their allowed space. The end-effector for the PaT manipulator needs therefore compactness, simplicity and reduced weight as well as capability of operation even on irregular floating objects.
The final configuration is a three-finger, three degrees of freedom gripper, as shown in Fig. 1 . With this solution, a sufficient number of contacts may be established, increasing the grasp robustness, while maintaining at a sufficient level the dexterity and manipulakion capabilities of the gripper.
Mechanical Architecture
The mechanical structure has been designed considering as basic specifica1,ions the possibility of simultaneous application of the contacts and a limited complexity of the kinematic architecture, with not more than three coni,rolled degrees of freedom.
The gripper is shown in Fig. 1 , in a 'open' and in a 'close' configuration. Three articulated fingers are present and contacts with the grasped object can occur along three intersecting lines equally spaced of 120'. Each articulated finger has a distal phalanx, that gets in touch with the object, and two intermediate phalanxes, coupled by means of internal transmissions so that pure translation of the distal link is generated. In addition to the advantage of using only revolute pairs, this kinematic structure presenls a high ratio between maximum and minimum extension, obtaining a very large workspace with respect to the size of the gripper body: the positions of the contacts can range from a diameter of 3 mm up to 195 mm, being 120 mm the external diameter of the gripper.
Actuation of each finger is provided by a linear actuator, as shown in Fig. 3 . The linear actuator is manufactured by Wittenstein Gmbh, Germany, and is composed of a high-speed brushless motor integrated with a high-ratio, high efficiency rollerscrew mechanism, that allows direct generation of linear motions. Actuation and motion transmission systems allow to obtain good dynamic performances, as shown for example in Fig. 2 
Sensory equipment
The sensory system of the gripper takes into account both the motion of the fingers and the approach and interaction phases with the grasped object. In particular, each finger is equipped with a Hall effect position sensor, a proximity sensor and a miniaturized force/torque sensor, as shown in Fig. 3 . The proximity sensor measures the distancc of each finger from the object surface and allows to plan the approach motion in order to get synchronous contacts, while the force-torque sensor can be used for the control of grasping forces once contacts have been applied. Note that, being capable of detecting not only the intensity of contact force components but also the position of the contact centroid on the external surface of the finger, tlie intrinsic force-torque sensor can efficiently recognize actual contact conditions, including incipicnt sliding [11, 121.
In the current implementation, the proximity sensor is a simple optical fibre device, with a small eniitter-receiver head very suitable for being hosted inside the finger shell. Even if the detection of distance is affected by reflectance and orientation of the object surface, early experiments demonstrated acceptable performance for the purposes of the present application. For example, in Fig. 4 a reconstruction of the shape of an object and the normal directions to the surface as computed numerically are shown.
Figure 4: Reconstruction of an object by exploration with the proximity sensors and computation of the normal directions.
Obviously, this arrangement does not exclude the possibility of further integration with additional or more efficient sensors, like distributed tactile sensors, stereo vision or more sophisticated scanning devices.
Control system
The real time control architecture is based, at least in this first phase of activity, on standard HW/SW components. The adopted architecture consists in a PC equipped with a DSP (TMS320C32) board and connected with the motor drives and to an input board for the sensors. This board has been purposely designed because of the relatively high number of signals (30) to be acquired in real-time. From the software point of view, besides a real-time kernel on the DSP board, an interface between the DSP and the P C has been developed, allowing to use in an integrated fashion both real-time software and highlevel environments for user interface. In the second case, the controlled variable is the distance of the finger with respect to the approached object. This modality is activated when the finger is sufficiently close to the object (e.g. 5 mm). The controlled variable is now the distance from the object, as rneasured by the proximity sensor. This information can be used both to start the grasp of the object (if all the fingers are at the same distance from it) or to maintain constant the distance between the finger and the object (e.g. if the object is moving).
A proper switching logic between the above two control modalities must be adopted in order to ensure a smooth behavior of the gripper. Note that the latter control modality can also allow to 'stabilize' a slowly moving object with respect to the gripper.
Besides the position/proximity, a further control loop is present in order to control the forces applied during manipulation. This scheme, that is based on the information deriving from the force/torque sensors, currently implements a simple compliance control [9]. 
First experimental results
A. consistent number of preliminary experiments has been performed on single finger modules and sensorial/actuation subsystems in order to test the efficiency of each finger structure and of the control system. The validation has also included verification of the procedures for the object approach, based on the integration of the distance and the position sensor information. At the moment, a first prototype of the gripper has been completed and installed on a 6 dof anthropomorphic robot, a COMAIJ SMART 3s with a open-control architecture, a PC connected to the standard robot controller C3G9000, and equipped with a force/torque sensor on the wrist, see Fig. 6 .
The open control architecture allows in particular to synchronize the tasks of both the gripper and the arm for micro-motion during task execution. Moreover, a set-up has been prepared in order t o perform different experiments using the prototype, where absence of gravity is partially simulated by suspending the objects with a wire.
The first experiments include demonstrative tasks of the following procedures:
1. use of proximity sensors for coordinating the approach phase of the fingers;
2. control of the approach/contact phase of floating objects;
3. scanning of the object surface for shape recognition by means of the proximity sensors;
4. choice of optimal grasp configuration according t o a criterion of maximum area of friction cones convex [13, 141;
5 . simultaneous application OF contacts and test of grasp accuracy and stability.
Typical results of the exploration of the objects' surface are reported in Fig. 4 . Although still not optimal, the proximity sensors allow a precise reconstruction of surfaces at a distance up to 1 cm, and the detection of obstacles up to 5 cm.
Concerning the approach and contact phases, it must be observed that the possibility of independently moving the fingers has noticeably increased the capability of grasping moving objects. As a matter of fact, the object may be tracked (if moving) with a coordinated movement of both the arm and the fingers. Once the motion is tracked (i.e. the fingers move synchronously with the object), the grasp may be firmly applied without loosing contact. Examples of this procedure are shown in Fig. 7-Fig. 9 . In Fig. 7 the positions of the three fingers are shown while tracking a moving objects, maintaining a fixed distance from it. In Fig. 8 , the three fingers first approach a fixed object until each of them is at a desired distance from it (8 mm), then the contacts are applied. In Fig. 9 the signals from both the position and proximity sensors are reported. The finger is moved towards a moving object, plot (a), until a desired distance (10 mm) is reached and maintained, plot (b), also with the object in motion.
Conclusions
A three-fingered, three degrees of freedom robotic gripper for space applications has been briefly presented and some preliminary experimental results illustrated and discussed.
Although the activity for the evaluation of the performances achievable with this gripper has not been concluded yet, the system confirmed so far some very interesting properties. As a matter of fact, it is relatively simple in the kinematics, actuation and control, since it has only three actuators and three degrees of freedom; it can provide adaptable and synchronous application of contacts to objects of any shape, thus allowing to grasp objects not centred with respect to the gripper axis of symmetry, without disturbing their initial posture; it presents a very large workspace with respect to its body size, and is capable of operation both on small and on large objects; its sensory equipment seems to be sufficiently rich and more than adequate for the expected tasks.
Note that due to the above features, the gripper, besides being useful for space application, can be of interest also for industrial use.
Future activity will concern the refinement of the current version of the gripper and the conclusion of the verification phase, in particular with respect to the force control and to the possibility of applying simple manipulation procedures on the grasped objects. Moreover, it is planned to use a video-camera in order to automate explorations and grasp operations. Finally, it is planned to re-design the gripper, in order to obtain a more compact device and to improve the grasp capabilities.
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